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213 Abstract 
14 In contrast to diatom assemblages in lakes in most other parts of Europe, those in lowland 
15 lakes in Romania appear to be determined primarily by biochemical oxygen demand (BOD) 
16 and conductivity rather than by nutrients.   This has confounded the development of a 
17 Water Framework Directive-compatible phytobenthos assessment system for Romanian 
18 lakes and led, instead, to the development of a new metric, the Romanian Diatom Index 
19 (RDI), which captures these gradients.   The primary anthropogenic stressor is assumed to 
20 be BOD whilst conductivity is a product of background geology and climate.   The RDI is 
21 strongly correlated with BOD, and ecological quality ratios (EQRs) are computed by dividing 
22 the observed RDI by an expected value, determined from the 90th percentile of the 
23 relationship between RDI and conductivity.   This equates to the “best available” RDI at any 
24 point on the conductivity gradient and, in the absence of true “reference sites”, has been 
25 assumed to represent the boundary between high and good status.   The boundary between 
26 good and moderate status has been set at the point where the sum of valves of taxa 
27 tolerant to elevated BOD exceeds the sum of valves of taxa that are sensitive to elevated 
28 BOD.   The position of this boundary has been further validated by the use of a Threshold 
29 Indicator Species Analysis (TITAN).  In view of the susceptibility of conductivity to climate 
30 warming, 2010 values of conductivity have been used to ensure a stable benchmark against 
31 which future changes can be measured.   This study highlights the challenges involved in 
32 performing reliable ecological assessments in situations that are, by the standards of much 
33 of Europe, atypical.
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336 1. Introduction
37 Phytobenthos is one of the ecosystem components required for assessment of ecological status in 
38 lakes (European Union, 2000, Annex V).   Member States of the European Union have adopted a 
39 variety of approaches to the assessment of phytobenthos, from inclusion of macroalgae in 
40 macrophytes assessment schemes to adoption of metrics which focus specifically on the condition of 
41 diatoms, widely used as proxies of phytobenthos.   Some diatom-based approaches use metrics such 
42 as the Indice de Polluosensibilité Specifique (IPS: Coste, in CEMAGREF, 1982), which was developed 
43 for rivers (Kahlert and Gottschalk, 2014), whilst others have developed new lake-specific metrics 
44 (Schaumburg et al., 2004; Bennion et al., 2014).    
45 Similarities in sample collection and analysis, and in data handling, along with strong relationships 
46 between diatom metrics and total phosphorus (TP) meant that existing metrics could be inter-
47 converted.   Relationships were sufficiently strong that it was possible to convert national metrics to 
48 a single “common metric”, which then allowed the position of ecological status boundaries to be 
49 compared and, where necessary, adjusted (Kelly et al., 2014).   This, then, meant that there is both 
50 an established assessment concept and a common view of conditions which constitute high, good 
51 and moderate ecological status across Europe that could, in theory, provide the foundation for 
52 methods in those countries that were not part of the original exercise.  
53 All methods included in this exercise, however, made an assumption that the primary stressor 
54 gradient was eutrophication.  The assumption that phosphorus is the principal factor controlling 
55 algal growth in lakes has prevailed for a long time (Naumann, 1919; Lund, 1950; Anon, 1982).  
56 Evidence for a limiting role for nitrogen in some circumstances has been produced (Moss et al., 
57 2013) but has not usurped the position of phosphorus as the primary stressor in lakes (Schindler et 
58 al., 2009).   This assumption has, therefore, underpinned many of the national and EU-level decisions 
59 regarding appropriate methods for evaluating lakes (Poikane et al., 2015).   
460 This paper, however, describes an exception to this dogma: a situation where phosphorus appears 
61 to play a relatively minor role in shaping benthic microalgal asssemblages in lakes in a region of 
62 south-east Europe.   This is the result, we believe, of a combination of environmental and economic 
63 circumstances in a region that has, relative to many other parts of Europe, been less well studied.  In 
64 particular, a long history of the use of lowland lakes for fish farming has created a set of conditions 
65 where the usual assumptions of how lowland lake function no long apply.  These observations, 
66 however, create a problem for an EU Member State that is required to demonstrate compliance 
67 with the requirements of the WFD and to harmonise its ecological boundaries with those of 
68 neighbouring states.   Under these circumstances, therefore, a novel approach to ecological 
69 assessment is required that focusses on the relevant stressor gradients in the region.
70 Preliminary observations which precipitated this study were that the relationship between Rott’s 
71 Trophie Index (TI; Rott et al., 1999), which was used as the “intercalibration common metric” by 
72 Kelly et al. (2014), has a much weaker relationship with total phosphorus (TP) than was observed for 
73 other Member States who contributed data to the intercalibration exercise despite spanning a wide 
74 range of concentrations.  We observed, moreover, that values of TI tended to be lower than for 
75 samples from other countries at equivalent points on the TP gradient.  These observations, 
76 therefore, led to more detailed investigations which are described here. The aims of this paper, 
77 therefore are: 
78 1. to demonstrate the factors that shape benthic algal assemblages in lowland lakes in Romania; 
79 and,
80 2. to derive a WFD-compatible metric that allows ecological status to be assessed in these lakes.
81 Finally, we will consider the implications of this work for other Member States who are yet to finalise 
82 methods for ecological status assessment in freshwaters.
583 2. Materials and methods
84 2.1 Study sites and dataset
85 This study is confined to shallow (all < 15 m and many < 3 m), lowland (< 200 m) and mid-altitude 
86 (200 – 800 m) lakes in Romania.  These are divided into seven types for the purpose of ecological 
87 assessment within Romania (see Supplementary Material, Table S1) and would all be regarded as 
88 “high alkalinity” (i.e.  1 meq L-1) by Kelly et al. (2014) for the EU’s lake phytobenthos intercalibration 
89 exercise.  Upland lakes in the Caparthian mountains have been excluded, as have some lowland soda 
90 lakes (type ROLN06T) and temporary lakes (type ROLN09).   
91 These lakes are mostly found on floodplains of large rivers.   The principal sources of pollution in 
92 these lakes are intensive fish farming and agriculture.  There may, in addition, be a historical legacy 
93 of pollution from wastewater effluents though such inputs are much lower now than in the past.  
94 299 samples collected between 2010 and 2013 from 45 lakes were included in this study; in practice, 
95 279 samples were available with a complete set of environmental data and these were the basis for 
96 the analyses reported below.
97 2.2 Diatom sample collection and analysis 
98 The national assessment method uses diatoms as proxies for the entire phytobenthos community.   
99 Samples are collected two or three times a year (April-May, July – August, September/October 
100 (November)); each consists of 5-20 spatial replicates from all representative habitats (mostly 
101 stones).   These are then digested using hydrogen peroxide and permanent slides are prepared. 
102 These are analysed in the laboratory and at least 300 (usually at least 400) diatoms are identified to 
103 species and the number of each species counted.   The main identification literature used is 
104 Krammer and Lange-Bertalot (1986, 1988, 1991, 2004) and nomenclature was subsequently 
105 harmonised to that used in the Algae of Romania checklist (Cărăuş, 2017).
6106 2.3 Water chemistry
107 Water chemistry used in this study was supplied by Administratia Nationalǎ “Apele Române”.   
108 Chemical analyses were all performed by laboratories with ISO/IEC 17025:2005 accreditation and 
109 which participate in proficiency testing schemes accredited according to ISO/IEC 17043:2010. 
110 Performance parameters (limit of quantification and uncertainty of measurement) follow 
111 specifications in European Union (2009).  
112 Current chemical standards (Table S2) that are applied in Romania were used to evaluate the role of 
113 other stressors.  These were derived as follows:
114 For nutrients: a subset of ”best available” sites was chosen based on available biological data.  The 
115 90th percentile of nutrient concentrations from this subset was considered to be the class boundary 
116 for high/good status whilst the good/moderate boundary was considered to be twice this value.  
117 Information from the scientific literature was used to corroborate these values.   
118 For dissolved oxygen and biochemical oxygen demand: information from the literature along with 
119 provisions in the Freshwater Fish Directive (transposed into Romanian legislation by Government 
120 Decision 202/2002) was used.
121 2.4 Statistical analyses
122 Environmental variables were log10 transformed, where appropriate, prior to analysis.  
123 All statistical analyses were performed using R statistical software (R Development Core Team, 
124 20016).  The contributions made by different stressors to the structure of diatom assemblages was 
125 examined using Redundancy Analysis (function rda within the vegan package, Oksanen et al., 2006) 
126 and also by generating a conditional inference tree (a type of random forest; Hothorn et al., 2006) 
127 implemented using the ctree function in the r package partykit library (Hothorn et al., 2012).  A 
128 conditional inference tree approach looks for the best way to split the biological assemblage data 
129 (the response variables) into two groups.   It does this by ordering each explanatory variable (i.e. 
7130 environmental data) by magnitude and then testing all possible cut-points in such a way that the 
131 total sum of squares of the two groups of response variable is minimised.   The process is then 
132 repeated with each group to produce further cuts until an end-point (determined by cross-
133 validation) is reached (see Maloney et al., 2009 for an ecological example).   Multivariate regression 
134 trees were also constructed using the R package mvpart (De’ath, 2005) but results were very similar 
135 to those achieved with the conditional inference tree and have not been included here.
136 The Indice de Polluosensibilité Specifique (IPS) was calculated using Omnidia version 5.3 or 6.0.3 
137 (Lecointe et al., 1993).  Maximum Likelihood and Weighted Average models were implemented 
138 through the rioja package in R (Juggins, 2018).  Quantile regression was implemented using the qr 
139 function in the R qantreg package (Koenker, 2016)
140 Threshold Indicator Taxon analysis (TITAN, Baker & King, 2010a) was performed to validate the 
141 position of the good/moderate boundary.  This is a development of indicator species analysis 
142 (Dufrêne & Legendre, 1997) which is useful for identifying thresholds along environmental gradients.  
143 TITAN combines occurrence, abundance and direction of taxon responses along a gradient to 
144 identify optimal values or break-points, of the gradient that partitions samples into two of more 
145 distinct groups.   For each value along the gradient the data are split into two groups, one consisting 
146 of taxa present at lower values (the z- group, and one consisting of taxa are higher values (the z+ 
147 group).  TITAN then records the cumulative responses of declining (z- scores) and increasing (z+ 
148 scores) in the assemblage.  Bootstrapping is used to estimate indicator purity, defined as the 
149 proportion of response directions at a change point that agree with the observed response, and 
150 reliability, defined as the proportion of bootstrap replicates that result in a significant grouping of a 
151 taxon.  Peaks in the cumulated z- and z+ scores can be considered community change points, or 
152 thresholds.  TITAN was run using the TITAN2 package in R (Baker & King, 2010b).  The preferences of 
153 individual taxa were further evaluated using the function multipattin the R package indicspecies (De 
154 Caceres & Jansen, 2016). 
8155 3. Results
156 3.1 The role of stressors other than nutrients in lowland lakes in Romania
157 The contributions made by phosphorus and other stressors to the structure of diatom assemblages 
158 was explored, first by examining concentrations of these relative to current environmental standards 
159 and then by examining their effects on the diatom assemblages. 
160 There is a wedge-shaped relationship between total and dissolved phosphorus, depending on the 
161 proportion of total phosphorus (TP) bound into organisms other particulates (Fig. 1a).  The possibility 
162 that diatoms showed a stronger response to dissolved phosphorus than to TP was subsequently 
163 tested, but the relationships were, in fact, weaker when dissolved phosphorus was the explanatory 
164 variable in regression equations, confirming that TP is the more informative phosphorus 
165 determinand for use in this study.  Concentrations of nitrogen fractions are generally low (Figs. 1b-
166 d).  The possibility of nitrogen limitation controlling diatom assemblage composition has also been 
167 explored (Fig. 2).   Based on N:P, there is a possibility of nitrogen limitation in some humic lakes 
168 (type ROLN04) but not in other lowland lake types (Fig. S1b).  There is a very weak relationship 
169 between total nitrogen (TN) and TP (Fig. 2b).
170 There are a large number of sites with elevated biochemical oxygen demand (BOD, Fig 2c). BOD is 
171 poorly related to NH4-N (which might be expected if the source was sewage effluent) but there is a 
172 significant relationship with conductivity (Fig. 2c).  High BOD and conductivity values are associated, 
173 in particular, with lakes in the Danube delta (type ROLN01:Fig. S1a,c).  Conductivity is also strongly 
174 related to alkalinity (Fig. 2d)
175 RDA explained 7.4% of total variance in the diatom data and showed strong but contrasting effects 
176 of conductivity and BOD; alkalinity was closely aligned with conductivity whilst TP and pH showed 
177 weaker but still significant effects (Fig. 3a).   Excluding sites with elevated BOD had relatively little 
178 effect on the ordination (total variance explained = 7.7%) and resulted in greater emphasis of 
9179 alkalinity but an even smaller role for TP (Fig. 3b).  This may be partly explained by the association 
180 between very high conductivity and BOD at several ROLN01 sites (compare Figs S1b and S1c).   
181 Further evidence for BOD and conductivity playing major roles in structuring diatom assemblages in 
182 lowland lakes in Romania comes from the conditional inference tree whose first cut was determined 
183 by a conductivity threshold of 7000 µS cm-1 and all subsequent cuts were also determined either by 
184 conductivity or BOD (Fig. 4).   
185 3.2 A new metric for Romanian lowland lakes?
186 Having demonstrated that the two strongest influences on the phytobenthos of lowland lakes in 
187 Romania are an underlying conductivity gradient, which is a largely a natural phenomenon (this will 
188 be considered further in the Discussion), and one determined primarily by BOD, representing human 
189 influences (principally from fish farming) on the lakes, the next step is to try to capture these in a 
190 form suitable for ecological assessment.   Two options were explored: first, use of an existing metric 
191 (IPS) that is more responsive to organic pollution than TI and, second, a new metric, derived from 
192 the lowland lake dataset studied here.  The former has the advantage that the IPS is widely used by 
193 other Member States, albeit mostly in rivers rather than lakes whereas the latter should be more 
194 attuned to conditions pertaining in Romanian lakes.   
195 The new metric, (“Romanian Diatom Index”, RDI) was derived from a maximum likelihood model 
196 using BOD as the explanatory variable.  This model explains 72% of the variation in the response 
197 variable (Fig. 5b), compared with 66% of the variation for a model derived using weighted averaging 
198 (WA; Fig. 5a).  The existing IPS metric accounted for just 14% of the variation in BOD (Fig. 6b).   The 
199 model based on weighted averaging, moreover, led to a large number of samples being “bunched” 
200 at the lower end of the scale, with implications for predictions.   Consequently, RDI based on 
201 maximum likelihood modelling with the scale inverted by subtracting the predicted value from 2.36 
202 (the highest value produced by the maximum likelihood model) appears to offer a greater potential 
203 for evaluation of status in Romanian lowland lakes than IPS; however, there are also relationships 
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204 between these metrics and conductivity (Fig. 6c, d), explaining 37% and 7% of variation respectively.   
205 This confounding between “natural” and “anthropogenic” stressors could complicate interpretation 
206 of ecological status so the next step was to account for the influence of conductivity in assessments 
207 based on the RDI.
208 The line on Fig. 6c was derived from quantile regression fitted to the 90th percentile to show the best 
209 (i.e. highest) values that RDI can achieve at any given conductivity value.   This relationship therefore 
210 indicates the “best available” RDI value, which is taken as the reference RDI at a particular 
211 conductivity and used to derive an EQR.  
212 The equation for the “expected” RDI is, therefore: 
213 RDIexp = 3.156 – (0.393 * log10(conductivity))
214 where: RDIexp is the value of RDI expected for any given conductivity.  Using this as the denominator 
215 to calculate the Ecological Quality Ratio (RDIobs / RDIexp) yields a strong relationship with BOD (r2 = 
216 0.66), and a weak, but still significant, relationship with TP (r2 = 0.09; Fig. 7a,b). 
217 3.3 Defining ecological status classes for lowland Romanian lakes
218 For other Romanian water body types, ecological status class boundaries for phytobenthos were 
219 derived from the average of those national boundaries that had already been intercalibrated.  
220 Application of this principle, however, assumed that the common metric was used as the national 
221 metric (in order to eliminate error in the conversion between metrics).  In theory, a strong 
222 relationship between national and common metrics would allow this principle to be extended, with 
223 only a small error occurring in the conversion between metrics.  However, the poor relationship 
224 between EQR derived from RDI and that derived from Rott’s TI (Pearson correlation coefficient, r = -
225 0.006, N.S.) means that this is not possible and, instead, an alternative method is needed.
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226 The most important boundary for regulation is that between good and moderate status and this was 
227 the primary focus of attention.   The WFD defines good status as having no more than a “slight 
228 change” in composition and abundance, whilst moderate status has a “moderate change”.   In 
229 practice, only composition and relative abundance are considered in phytobenthos methods and, in 
230 this particular case, it is not possible to calibrate “slight change” against unimpacted “reference 
231 conditions”.   We can, however, assume that less impacted sites will have higher proportions of taxa 
232 that are sensitive to pollution.  For practical purposes, we have defined “sensitive” to mean those 
233 taxa whose WA optimum was below the “good status” threshold for BOD (the primary stressor in 
234 the dataset), and all other taxa are defined as “tolerant”. 
235 The percentage of sensitive taxa increases with EQR whilst that of tolerant taxa decreases (Fig. 8).  
236 Fitting a logistic regression model to each group allows the point at which sensitive taxa are, on 
237 average, less abundant than tolerant taxa in samples and this “crossover” can be used as an 
238 appropriate position for the good/moderate boundary.  In this case, the “crossover” occurs at EQR = 
239 0.86.   
240 There is no unambiguous rationale for defining other status classes.  High status, for example, is 
241 characterised by a flora that “corresponds totally or nearly totally to undisturbed conditions”.  This 
242 cannot be achieved in the absence of reference sites, so, instead, the high/good boundary has been 
243 set at EQR = 1 to indicate the “best available” sites in the dataset.   Moderate/poor and poor/bad 
244 boundaries are set by dividing the scale below the good/moderate boundary into three equal 
245 segments.
246 Although use of the crossover as a means of defining the good/moderate boundary is well 
247 established (see Discussion) there is a risk of circular reasoning in this case as a chemical threshold, 
248 rather than an a priori classification based on the autecology of individual taxa, was used to define 
249 the sensitive and tolerant taxa.  For this reason, independent validation of the position of the 
250 boundary was provided by Threshold Indicator Taxon analysis (TITAN).     The solid line on Fig. 9 
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251 represents the change in negative indicators (z-, i.e. taxa that are abundant at low levels of BOD) and 
252 shows a small but distinct step at approximately 2 mg L-1 O2 BOD, and a second, larger step at 
253 approximately 6 mg L-1 O2 BOD.  The change in tolerant taxa starts slightly higher, at about 10 mg L-1 
254 O2 BOD (see dashed line on Fig. 9).  That the shift in sensitive species starts at a similar level of BOD 
255 to that used as the chemical threshold for this type of lake suggests that this was an appropriate 
256 point at which to define the sensitive and tolerant groups and to estimate the good/moderate 
257 boundary.   Fig. 10 shows how the taxa defined as “pure” (i.e. good indicators) change along the 
258 environmental gradient.     
259 These boundaries allow clear separation of BOD (the primary stressor gradient; Fig. 11a) and also 
260 some separation along TP gradient (Fig. 11b), although there was little differentiation between high, 
261 good and moderate status classes for this determinand.   The median TP concentrations for high, 
262 good and moderate status classes are 0.115, 0.073 and 0.087 mg L-1 respectively, suggesting that 
263 these systems are not particularly sensitive to phosphorus in their current state.   Although the 
264 effect of conductivity has been reduced by accounting for this variable in the EQR calculation, there 
265 is still a significant difference between classes (Fig. 11c), largely due to a number of sites with both 
266 high BOD and high conductivity in ROLN01.  Finally, there is no significant difference in dissolved 
267 oxygen concentration between status classes (Fig. 11d).   
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270
271 3.4 Evaluation of indicator taxa
272 Indicator species for both individual status classes (defined as in Table 1) and for “high/good” and 
273 “moderate/poor/bad” classes combined.  A total of 109 species were identified, 95 of which were 
274 associated with a particular class, with the remainder indicating either of the two class aggregations.   
275 The lists of indicator species (Table 2) included some predictable assignments (e.g. Gomphonema 
276 constrictum, Cymbella lanceolata and Pinnularia nobilis indicating high status whilst Nitzschia palea 
277 was strongly associated with bad status) along with some less expected outcomes.  Rhoicosphenia 
278 abbreviata, for example, was associated with good status along with Melosira varians, whilst 
279 Achnanthidium minutissimum was an indicator of poor status.   Many of the indicators of lower 
280 status classes were tolerant of brackish conditions although there were exceptions (Bacillaria 
281 paradoxa, for example, was associated with high/good status).
282 4. Discussion
283 4.1 General comments
284 Romanian lowland lakes represent a difficult case for ecological assessment, insofar as many of the 
285 assumptions underpinning models elsewhere in Europe appear not to apply, leading to problems 
286 adapting metrics for use in these situations, and for fulfilling Romania’s obligation to intercalibrate 
287 their boundaries.   Analyses presented here suggest that differences in both the character and the 
288 principal stressors compared to lowland lakes elsewhere combine to create a unique situation.   
289 Whereas phosphorus is assumed to be the primary stressor across most of Europe, BOD emerged as 
290 the most significant stressor amongst Romanian lowland lakes.  This does not mean that phosphorus 
291 plays no role in shaping the ecology of these lakes, only that the effect is masked, within a spatial 
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292 dataset, by the much stronger BOD and conductivity gradients.   It does mean, however, that it is not 
293 possible to intercalibrate the Romanian lowland lake method, as the Intercalibration Common 
294 Metric (Kelly et al., 2014) is calibrated to a phosphorus gradient.  
295 The relatively weak effect of phosphorus was also apparent in the EC GIG intercalibration of lake 
296 phytoplankton (Borics et al., 2016) and in the development and intercalibration of the Romanian 
297 lake macrophyte method (Pall et al., 2016).   For a phytoplankton dataset that spanned Hungary, 
298 Romania and Bulgaria, neither total nor dissolved phosphorus were correlated with chlorophyll a, 
299 whilst the strongest correlations were with COD and pH, followed by total nitrogen (BOD and 
300 conductivity were not included in this exercise).   Similarly, for macrophytes in Romania, weak 
301 correlations with phosphorus were in contrast to strong correlations with nitrogen fractions and 
302 dissolved organic carbon, the latter having the strongest correlation (r = 0.85) of any environmental 
303 variable.   Data in Pall et al. (2016) also suggests a strong effect of this variable on the metric.   The 
304 situation observed for phytobenthos is, as a result, not unique but is also reflected in other 
305 components of the photosynthetic biota in these lakes.  
306 In much of Europe, alkalinity is assumed to be the major chemical factor determining lake type; this, 
307 in turn, reflects catchment geology and influences lake ecology in a variety of ways, including 
308 inorganic carbon supply for photosynthesis and sequestration of phosphorus.   Conductivity may 
309 play a similar role in Romanian lakes, even when soda lakes are excluded.   There is a strong 
310 correlation between conductivity and alkalinity in this dataset (r = 0.79: Fig. 2d) and we suggest that 
311 this reflects an interaction between geology and climate, with the hot summers of lowland Romania 
312 leading to evaporation that, in turn, increases dissolved ion concentrations.   This, then, raises a 
313 further question about whether conductivity is influenced by global warming.   In light of this risk we 
314 propose to use conductivity data from 2010 as the denominator for EQR calculations, in order to 
315 ensure that future increases in conductivity do not compensate for changes in the biota when 
316 assessing ecological status.  
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317 4.2 Defining expectations and setting status class boundaries
318 From a practical point of view, recognising the importance of conductivity over alkalinity means that 
319 this should be considered when setting the denominator for EQR calculations.  However, the lack of 
320 unimpacted lowland lakes combined with the possibility of climatic influences on conductivity means 
321 that it is not possible to establish a relationship between biology and conductivity without any 
322 interference from anthropogenic stresses.   Instead, we have used the relationship between 
323 conductivity and biology to determine the “best available” RDI value at any point on the conductivity 
324 gradient.  This, then, acts as the “expected” value in EQR calculations.  However, “best available” is 
325 an inherently weak reference concept (Stoddard et al., 2006) and, for this reason, subsequent 
326 decisions about appropriate positions for status class boundaries have adopted precautionary 
327 options, in order to account for this.  Fig. 11c shows that, although the effect of conductivity on 
328 ecological status estimates has not been removed entirely, it has been reduced.  
329 The use of a continuous variable as the denominator in the EQR calculation means that, in effect, 
330 every lake has an estimate of status class that is tailored to local circumstances rather than being 
331 shoe-horned into a broad lake type.  Lakes can still be amalgamated into the Romanian typology for 
332 reporting purposes but, as some types have very wide ranges of conductivity, the use of site-specific 
333 predictions should lead to greater precision in status estimates.
334 The use of the crossover between tolerant and sensitive taxa as a means of defining ecological 
335 boundaries is well established (see Kelly et al., 2008; Bennion et al., 2014; Poikane et al., 2016).  
336 Although it is more rigorous than many methods used to set status class boundaries (simple division 
337 of the EQR scale into five equal categories being used in 43% of cases across all BQEs: Birk et al., 
338 2011) there is a risk of circular reasoning, particularly as it depends upon dividing taxa into sensitive 
339 and tolerant categories.  Ideally we should base such distinctions upon a priori autecological 
340 classifications (e.g. Kelly et al., 2008) but the unusual nature of Romanian lakes means that this was 
341 not possible.  The use of TITAN to validate the position of change points along the predominant 
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342 environmental gradient lends extra credibility to the choice of split between sensitive and tolerant 
343 taxa although it would be more rigorous to use an independent metric of ecological quality.  At the 
344 present moment, no such direct measures of ecological quality have been adopted for WFD 
345 assessments but this is an avenue that is worth exploring in the future.
346 4.3 Species changes along environmental gradients in Romanian lowland lakes 
347 Although a priori autecological classifications might seem like a logical foundation for a new metric, 
348 the reality is that the species responses to the pressure gradient in lowland Romanian lakes 
349 confounded expectations.   Whilst some taxa (e.g. Nitzschia palea) behaved predictably, several 
350 others did not.  Rhoicosphenia abbreviata, for example, was an indicator of good status whilst 
351 Achnanthidium minutissimum, Fragilaria capucina and Gomphonema gracile were all associated 
352 with less than good status.  Understanding autecological preferences involves recognising causal 
353 links between a species and environmental data.  As we have no reason to assume that there are 
354 issues with identification of diatoms, and because we obtain strong relationships between the 
355 diatom assemblage and environment within the Romanian dataset we must focus attention on the 
356 relevance of existing information on autecological preferences for the Romanian situation.  In 
357 particular, how does information on so-called trophic and saprobic preferences, as summarised in 
358 Lange-Bertalot et al. (2017) and other key texts, relate to these situations?   Saprobity, in particular, 
359 is interpreted in terms of the quantities of biodegradable material yet is often linked with elevated 
360 concentrations of other compounds, such as ammonium which, itself, has been shown to exert toxic 
361 effects on diatoms in experimental set-ups (Hürlimann & Schanz, 1991).  As ammonium 
362 concentrations are usually low in these lakes, it is possible that a key ingredient within the saprobity 
363 cocktail is missing, confounding our expectations.   Similarly, levels of phosphorus and oxidised 
364 nitrogen are often low, even when BOD is high, so factors that might be expected to drive 
365 community change in other systems (Biggs et al., 1998; Kelly et al., 2009) are simply not operating in 
366 the same manner here.   
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367 4.4 Conclusions
368 Lowland Romanian lakes provide a useful lesson in the transferability of concepts of ecological status 
369 around Europe.  Initially, these lakes were approached with methods and assumptions largely 
370 developed in north-west and central Europe but the struggle to achieve the expected relationships 
371 between diatom asssemblages and phosphorus eventually encouraged a new approach.  This 
372 revealed that different factors were responsible for structuring diatom assemblages in these lakes, 
373 compared to lakes elsewhere in Europe and this, in turn, led to the development of a new metric 
374 optimised for conditions in lowland lakes in Romania, as well as predictions for likely positions of 
375 ecological status class boundaries that are consistent with the normative definitions of the WFD.
376 Incorporation of conductivity into the calculation of ecological status ensures that account is taken 
377 of the key “natural” gradient in Romanian lakes.  This appears to be a correlate of alkalinity, as used 
378 in lakes elsewhere in Europe, yet it exerts a much stronger influence in these lakes.  Concern about 
379 long-term trends in conductivity, driven by climate change, however, lead us to recommend that the 
380 denominator in EQR calculations is benchmarked at 2010, the earliest date for which a 
381 comprehensive set of conductivity values is available.   
382 Studies based on spatial datasets, however, raise several questions that cannot be answered without 
383 the opportunity to employ alternative approaches.  In particular, understanding historical changes in 
384 these lakes may provide better understanding of the trajectories of different types of pollution over 
385 time, whilst more detailed studies on lake functioning will enable the hypotheses generated in this 
386 paper to be tested more rigorously.  This study does, however, provide a broad overview of the 
387 adaptations necessary in order to ensure reliable ecological assessments in situations that are, by 
388 the standards of much of Europe, atypical.
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514 Table 1. Proposed boundaries for phytobenthos in lowland Romanian lakes.
Boundary EQR
High / good 1.00
Good / moderate 0.86
Moderate / poor 0.57
Poor / bad 0.29
515
516
517
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Table 2.  Indicator species for ecological status classes in lowland Romanian lakes.   Two separate analyses were performed: “five classes” refers to indicator 
species for each of high, good, moderate, poor and bad status, whilst “two aggregate classes” lists indicators for “high/good” and “moderate/poor/bad” 
status classes combined.  IV = indicator value.  B = bad status; P = poor status; M = moderate status; G = good status; H = high status; MPB = 
moderate/poor/bad status (aggregate class); HG = high/good status (aggregate class).
Five classes Two aggregate classes
Taxon Code IV significance class IV significance class
Achnanthes coarctata (Brebisson) Grunow in Cl. & Grun.                                ACOA 0.477 ** B
Achnanthes sp.                                                                        ACHS 0.214 * B
Achnanthidium minutissimum (Kütz.) Czarnecki                                          ADMI 0.565 ** P 0.642 ** MPB
Amphora coffeaeformis (Agardh) Kutzing var. coffeaeformis                             ACOF 0.81 ** B 0.273 * MPB
Amphora copulata (Kützing) Schoeman & Archibald 1986 ACOP 0.462 ** P 0.252 ** MPB
Amphora ovalis (Kutzing) Kutzing                                                      AOVA 0.601 ** H 0.7 ** HG
Amphora ovalis Kutzing var. gracilis (Ehr.) Cleve                                     AOGR 0.213 * MPB
Amphora pediculus (Kutzing) Grunow                                                    APED 0.454 ** P 0.383 ** MPB
Amphora veneta Kutzing                                                                AVEN 0.588 ** P 0.451 ** MPB
Anomoeoneis sphaerophora (Ehr.) Pfitzer                                               ASPH 0.473 ** B
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Five classes Two aggregate classes
Taxon Code IV significance class IV significance class
Aulacoseira distans (Ehr.)Simonsen                                                    AUDI 0.278 * P 0.226 * MPB
Aulacoseira granulata (Ehr.) Simonsen                                                 AUGR 0.569 ** H 0.468 ** HG
Bacillaria paradoxa Gmelin                                                            BPAR 0.233 * HG
Brebissonia lanceolata (C.A.Agardh) Mahoney et Reimeria                                 BLAN 0.311 ** P
Caloneis permagna (J.W.Bailey)Cleve                                                   CPRM 0.321 ** P 0.195 * MPB
Campylodiscus bicostatus W.Smith ex Roper 1854 CBIC 0.272 * B
Campylodiscus clypeus Ehrenberg                                                       CCLY 0.447 ** B
Centronella sp.                                                                       CETS 0.277 * H
Craticula ambigua (Ehrenberg) Mann                                                    CAMB 0.316 ** B 0.429 ** HG
Craticula cuspidata (Kutzing) Mann                                                    CRCU 0.408 * H
Craticula halophila (Grunow ex Van Heurck) Mann                                       CHAL 0.785 ** B 0.374 ** MPB
Ctenophora pulchella (Ralfs ex Kutz.) Williams et Round                               CTPU 0.674 ** B 0.458 ** MPB
Cyclotella atomus Hustedt                                                             CATO 0.333 * P 0.319 ** MPB
Cymbella laevis Naegeli in Kutzing var.laevis                                         CLAE 0.245 * P
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Five classes Two aggregate classes
Taxon Code IV significance class IV significance class
Cymbella lanceolata (Agardh) Agardh sensu Krammer 2002 CLAN 0.512 ** H 0.635 ** HG
Cymbella turgida Gregory                                                              CTUR 0.25 * H
Cymbella ventricosa Agardh                                                            CVEN 0.57 ** G 0.613 ** HG
Diatoma vulgaris Bory 1824                                                            DVUL 0.442 * G 0.558 ** HG
Encyonema caespitosum Kützing                                                         ECAE 0.371 ** P 0.299 ** MPB
Encyonema leibleinii (C. Agardh) W.J. Silva et al. ELEI 0.362 ** H
Entomoneis alata Ehrenberg                                                            EALA 0.527 ** B
Fallacia pygmaea (Kützing) Stickle & Mann  t                 FPYG 0.824 ** B 0.434 ** MPB
Fallacia subhamulata (Grunow in V. Heurck) D.G. Mann                                  FSBH 0.402 ** P
Fragilaria capucina Desmazieres var.capucina                                          FCAP 0.387 * P 0.451 ** MPB
Fragilariforma constricta (Ehrenberg) D.M.Williams & Round FCVA 0.528 ** P 0.489 ** MPB
Gomphonema affine Kutzing                                                             GAFF 0.402 ** P
Gomphonema augur Ehrenberg                                                            GAUG 0.226 * MPB
Gomphonema constrictum Ehrenberg                                                      GCON 0.468 ** H
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Five classes Two aggregate classes
Taxon Code IV significance class IV significance class
Gomphonema gracile Ehrenberg                                                          GGRA 0.368 ** B
Gomphonema longiceps Ehr.                                                             GLON 0.357 * P 0.347 ** MPB
Gomphonema olivaceum (Hornemann) Brébisson                   GOLI 0.554 ** M
Gomphonema parvulum (Kützing) Kützing       GPAR 0.288 ** MPB
Gomphonema truncatum Ehr.                                                             GTRU 0.341 * M 0.353 ** MPB
Gomphonema ventricosum Gregory                                                        GVEN 0.286 * M
Gyrosigma acuminatum (Kutzing)Rabenhorst                                              GYAC 0.558 ** HG
Gyrosigma peisonis (Grunow) Hustedt                                                   GPEI 0.837 ** B 0.299 ** MPB
Haslea spicula (Hickie) Bukhtiyarova                                                  HSPC 0.585 ** B 0.315 ** MPB
Hippodonta capitata (Ehr.)Lange-Bert. et al.                           HCAP 0.292 * P 0.226 * MPB
Hippodonta hungarica(Grunow) Lange-Bertalot et al.                     HHUN 0.345 ** P 0.321 ** MPB
Lindavia ocellata (Pantocsek) Nakov et al. 2015 LOCE 0.307 * M 0.252 ** MPB
Luticola cohnii (Hilse) D.G. Mann                                                     LCOH 0.387 ** B
Luticola mutica (Kützing) D.G. Mann                                                   LMUT 0.254 * P
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Five classes Two aggregate classes
Taxon Code IV significance class IV significance class
Mastogloia smithii Thwaites                                                           MSMI 0.419 ** P 0.402 ** MPB
Melosira varians Agardh                                                               MVAR 0.38 * G 0.421 ** HG
Navicula capitatoradiata Germain                                                      NCPR 0.419 ** P 0.239 ** MPB
Navicula cincta (Ehr.) Ralfs in Pritchard                                             NCIN 0.414 ** B 0.374 ** MPB
Navicula cryptocephala Kutzing                                                        NCRY 0.506 * G 0.694 ** HG
Navicula cryptotenella Lange-Bertalot                                                 NCTE 0.715 ** P 0.505 ** MPB
Navicula erifuga Lange-Bertalot                                                       NERI 0.707 ** B 0.252 ** MPB
Navicula exilis Kutzing                                                               NEXI 0.592 ** B 0.211 * MPB
Navicula lanceolata (Agardh) Ehrenberg                                                NLAN 0.328 * M 0.374 ** MPB
Navicula menisculus Schumann                                        NMEN 0.211 * MPB
Navicula meniscus Schumann                                                            NMNS 0.244 * P
Navicula phyllepta Kutzing                                                            NPHY 0.316 * B
Navicula recens (Lange-Bertalot) Lange-Bertalot                                       NRCS 0.254 * P
Navicula rhynchocephala Kutzing                                                       NRHY 0.491 ** HG
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Five classes Two aggregate classes
Taxon Code IV significance class IV significance class
Navicula salinarum Grunow in Cleve et Grunow var.salinarum                            NSAL 0.868 ** B 0.407 ** MPB
Navicula sp.                                                                          NASP 0.252 * MPB
Navicula trivialis Lange-Bertalot var. trivialis                                      NTRV 0.458 ** B 0.252 ** MPB
Navicula veneta Kutzing                                                               NVEN 0.538 ** B 0.498 ** MPB
Navicymbula pusilla Krammer var pusilla                                               NCPU 0.744 ** B 0.391 ** MPB
Nitzschia acicularis(Kutzing) W.M.Smith                                               NACI 0.465 * H 0.568 * HG
Nitzschia amphibia Grunow f.amphibia                                                  NAMP 0.391 * P 0.383 ** MPB
Nitzschia capitellata Hustedt in A.Schmidt & al.                                      NCPL 0.432 ** P 0.239 ** MPB
Nitzschia communis Rabenhorst                                                         NCOM 0.316 ** B
Nitzschia dissipata (Kutzing) Grunow var.dissipata                                      NDIS 0.366 ** MPB
Nitzschia filiformis (W.M.Smith) Van Heurck var. filiformis                           NFIL 0.457 ** P 0.355 ** MPB
Nitzschia fruticosa Hustedt                                                           NIFT 0.316 * B
Nitzschia gracilis Hantzsch                                                           NIGR 0.275 * B 0.211 * MPB
Nitzschia hantzschiana Rabenhorst                                                     NHAN 0.279 * B
31
Five classes Two aggregate classes
Taxon Code IV significance class IV significance class
Nitzschia inconspicua Grunow                                                          NINC 0.538 ** P 0.329 ** MPB
Nitzschia intermedia Hantzsch ex Cleve & Grunow                                       NINT 0.178 * MPB
Nitzschia microcephala Grunow in Cleve & Moller                                       NMIC 0.602 ** B 0.252 ** MPB
Nitzschia nana Grunow in Van Heurck                                                   NNAN 0.226 * MPB
Nitzschia palea (Kutzing) W.Smith                                                     NPAL 0.539 ** B 0.556 ** MPB
Nitzschia paleacea (Grunow) Grunow in van Heurck                                      NPAE 0.239 ** MPB
Nitzschia pusilla(Kutzing)Grunow                                                      NIPU 0.588 ** B 0.226 * MPB
Nitzschia romana Grunow                                                               NROM 0.807 ** B 0.407 ** MPB
Nitzschia sigma(Kutzing)W.M.Smith                                                     NSIG 0.287 * P
Nitzschia sigmoidea (Nitzsch)W. Smith                                                 NSIO 0.384 * HG
Parlibellus cruciculoides (Brockmann)Witkowski. Lange-
Bertalot & Metzeltin            PCRL 0.387 ** B
Pinnularia microstauron (Ehr.) Cleve var. microstauron                                PMIC 0.329 ** P 0.252 ** MPB
Pinnularia nobilis (Ehrenberg) Ehrenberg var.nobilis                                  PNOB 0.338 ** H 0.24 ** HG
32
Five classes Two aggregate classes
Taxon Code IV significance class IV significance class
Planothidium delicatulum(Kutz.) Round & Bukhtiyarova                                  PTDE 0.423 ** B 0.226 * MPB
Planothidium lanceolatum (Brebisson ex Kützing) Lange-
Bertalot                         PTLA 0.35 * P
Pseudostaurosira brevistriata (Grun.in Van Heurck) Williams & 
Round                   PSBR 0.314 * B
Rhoicosphenia abbreviata (C.Agardh) Lange-Bertalot                                    RABB 0.541 ** G 0.745 ** HG
Rhopalodia gibba (Ehr.) O.Muller var.gibba                                            RGIB 0.473 * B
Rhopalodia gibberula (Ehrenberg) O.Muller                                             RGBL 0.468 ** B
Rhopalodia musculus (Kutzing) O.Muller                                                RMUS 0.282 * B
Sellaphora pupula (Kutzing) Mereschkowksy                                             SPUP 0.387 ** P 0.261 * MPB
Stephanodiscus parvus Stoermer et Hakansson                                           SPAV 0.316 ** B
Stephanodiscus species                                                                STSP 0.285 * B
Surirella ovata Kützing                                                               SOVA 0.415 * H 0.432 ** HG
Tabularia fasciculata (Agardh) Williams et Round                                       TFAS 0.402 ** B 0.265 ** MPB
33
Five classes Two aggregate classes
Taxon Code IV significance class IV significance class
Thalassiosira visurgis Hustedt                                                        TVIS 0.316 ** B
Tryblionella apiculata Gregory                                                        TAPI 0.666 ** B
Tryblionella hungarica (Grunow) D.G. Mann                                             THUN 0.917 ** B 0.404 ** MPB
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List of figures
Fig. 1.  Relationships between total phosphorus and other potential stressors in lowland lakes in 
Romania.   Blue and green lines indicate positions of high/good and good/moderate status 
thresholds for the variable in question.  Where thresholds differ between lake types, only the 
most relaxed has been plotted.   
Fig. 2.  Upper graphs show the relationship between TP and TN (a.) and N:P (b.) in Romanian 
lowland lakes.  Horizontal blue and green lines mark positions of chemical standards (see Fig. 1 for 
explanation); black horizontal line on the N:P ratio axis indicates N: P = 9.72.  Lower graphs show 
the relationship between conductivity and BOD (c.) and alkalinity (d.).
Fig. 3.  Redundancy analysis of diatom assemblages from lowland Romanian lakes.  a.  all data; b. 
only samples with BOD5  6 mg L-1 O2 included.
Fig. 4.  Conditional inference tree showing environmental factors determining benthic diatom 
assemblages in lowland lakes in Romania.  Values on the lines connecting explanatory variables 
indicate splitting criteria.  For example, if a lake conductivity less than or equal to 7000 µS cm-1 it 
would be placed in the left branch.  Number above explanatory variables indicate node number 
and numbers in panels indicate mean values of conductivity and BOD and number of lakes in 
node.  
Fig. 5.  Comparison between weighted average (a) and maximum likelihood (b) models for 
estimating BOD from the diatom assemblage in lowland lakes in Romania.
Fig. 6.  Relationship between RDI (left) and IPS (right) with BOD (top) and Conductivity (bottom).  
Blue lines indicate least squares fit (top) and 90th percentile (bottom).  
Fig. 7.  Relationship between EQR derived from RDI and conductivity and BOD (a) and TP (b).   
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Fig. 8.  Percentage of valves belonging to sensitive (open circles) and tolerant (closed circles) along 
the EQR gradient for Romanian lowland lakes
Fig. 9.  TITAN sum(z-) and sum(z+) values corresponding to all candidate change points along the 
environmental gradient (BOD5, in this case). Solid and dashed lines (without points) represent the 
cumulative frequency distribution of change points (or thresholds) among 500 bootstrap replicates 
for sum(z-) and sum(z+), respectively.
Fig. 10.  Pure ( 95) indicator taxa are plotted in increasing order with respect to their observed 
environmental change point. Closed symbols correspond to negative (z-) indicator taxa, whereas 
open symbols correspond to positive (z+) indicator taxa. Symbols are sized in proportion to z 
scores. Horizontal lines overlapping each symbol represent 5th and 95th percentiles among 500 
bootstrap replicates. 
Fig. 11.  Variation in key environmental parameters between status classes estimated using the 
RDI.  Differences are significant (Kruskal-Wallis test: p < 0.001) except for dissolved oxygen 
content, for which there is no difference between status classes.
Fig S1.  Variation in key physio-chemical parameters in Romanian lowland lakes by type.
Supplementary material
Table S1.  The Romanian national lake typology.  
36
Typology General description Ecoregion Altitude (m):
Average depth 
(m):
ROLN01
Lowland, very shallow, 
silicious, very small, small and 
medium size.
12, 16 <200 <3
ROLN02
Lowland, very shallow, 
calcareous, small, medium and 
very large size.
12 <200 <3
ROLN03
Lowland, very shallow, 
calcareous, very large size.
12 <200 <3
ROLN04
Lowland, very shallow and 
shallow, peat, small, medium 
and large size.
12 <200 <3
ROLN05
Lowland, shallow, 
silicious/calcareous, medium 
size.
12 <200 3-15
ROLN06T
Lowland, very shallow and 
shallow, silicious/ 
calcareous.(therapeutic).
12 <200 <3 
ROLN07
Hills and tableland, very 
shallow and shallow, silicious, 
very small size.
10, 16 200-800 < 15
ROLN08
Highland, very shallow and 
shallow, silicious, very small 
size.
10 >800 <-15
37
ROLN09
Lowland - temporary lakes, 
very shallow, silicious, small 
and medium size - Not 
validated.
12 <200 <3
38
Table S2. National thresholds established for chemical indicators in Romanian natural lakes:
DO conc.
(mg/L O2)
BOD
(mg/L O2)
N-NH4
(mg/L N)
N-NO2
(mg/L N)
N-NO3
(mg/L N)
N total
(mg/L N)
P-PO4
(mg/L P)
P total
(mg/L P)Lake type 
H/G G/M H/G G/M H/G G/M H/G G/M H/G G/M H/G G/M H/G G/M H/G G/M
ROLN01 8.00 6.00 3.00 6.00 0.40 0.80 0.02 0.35 0.80 1.50 2.00 4.00 0.03 0.06 0.035 0.07
ROLN02 8.00 6.00 3.00 6.00 0.40 0.80 0.02 0.35 0.80 1.50 2.00 4.00 0.03 0.06 0.070 0.10
ROLN03 8.00 6.00 3.00 6.00 0.40 0.80 0.02 0.35 0.80 1.50 2.00 4.00 0.03 0.06 0.035 0.07
ROLN05 8.00 6.00 3.00 6.00 0.40 0.80 0.02 0.35 0.80 1.50 2.00 4.00 0.05 0.10 0.08 0.14
ROLN07 10.00 8.00 3.00 5.00 0.20 0.40 0.02 0.35 0.40 0.80 1.00 2.00 0.015 0.03 0.02 0.04
ROLNPM01 8.00 6.00 3.00 6.00 0.40 0.80 0.02 0.35 0.80 1.50 2.00 4.00 0.03 0.06 0.08 0.14
ROLNPM02 8.00 6.00 3.00 6.00 0.40 0.80 0.02 0.35 0.80 1.50 2.00 4.00 0.03 0.06 0.08 0.14
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p < 0.001
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3
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N            9.0
Conductivity 170.6
BOD5         3.8
4
BOD5
p = 0.025
5
≤ 9.66 > 9.66
N            56.0
Conductivity 428.7
BOD5         4.3
6
N            7.0
Conductivity 505.6
BOD5         14.9
7
BOD5
p = 0.023
8
≤ 11.65 > 11.65
N            150.0
Conductivity 1949.6
BOD5         6.2
9
N            46.0
Conductivity 2903.0
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10
N            30.0
Conductivity 9111.3
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